food, survive (egg to adult survivorship) better in impoverished food and give rise to smaller adults 75 (Vijendravarma et al., 2010) . In contrast, Valtonen et al. (2012) found D. melanogaster females 76 grown on impoverished food to produce larger offspring (adult) compared to those grown on 77 nutritionally rich food. Note that many of the maternal effects discussed above are mediated through 78 variation in resource provisioning by mothers. 79
80
Not surprisingly, most of the reports of environment dependent paternal effect (intergenerational and 81 transgenerational) come from animals with paternal provisioning through nuptial gift transfer to the 82 females (Dussourd et al., 1988; Gwynne, 1988; Zeh & Smith, 1995; Smedly & Eisner, 1996; Vahed, 83 1998 ). However, it is only recently that studies have started to address if similar paternal effects are 84 also present in species without paternal provisioning. In one of the first such explicit studies, female 85
Neriid flies (Teleostylinus angusticollis) raised on richer diet were found to produce larger eggs and 86 offspring that developed faster, while males raised on richer diet sired larger offspring with better 87 survival rate, especially under resource scarcity (Bonduriansky & Head, 2007; Adler & Bonduriansky, 88 2013) . In a solitary Ascidian, Styela plecata, males were found to produce offspring with phenotype 89 corresponding to the population density experienced by the father (Crean et al., 2013) . In fruit flies, D. 90 melanogaster, Valtonen et al. (2012) reported that fathers fed on poor quality diet sire larger sons. 91
Paternal experience of the intensity of competition (assessed by the number of co-inhabitant rival 92 males) adaptively affected reproductive behaviour of male offspring in D. melanogaster (Dasgupta et 93 al., 2016) . Islam et al. (1994) showed paternal social environment to have a significant impact on 94 offspring behavioural traits. Paternal experience of ambient temperature was also found to affect 95 offspring fecundity in D. melanogaster (Huey et al., 1995) . Low temperature was found to affect 96 offspring phenotype in two other species of Drosophila -D. simulans (Watson & Hoffmann, 1995) 97 and D. serrata (Magiafoglou & Hoffmann, 2003) . Thus, there is a growing body of evidence showing 98 environment dependent paternal effect. In addition to affecting viability, such paternal effect has been 99 shown to affect progeny reproductive performance and hence is likely to be key player in sexual 100 selection (for example, see Bondurianky & Head, 2007) . However, such data are far from being 101 plenty. 102 components, including male mating behaviour in D. melanogaster laboratory adapted populations. As 105 discussed previously, paternal effect has already been reported in these (Dasgupta et al., 2016) and 106 other populations of D. melanogaster, establishing them as a relevant system to investigate the 107 paternal effect and its consequences on Darwinian fitness (William et al., 2006 testedan existing lacuna in the literature, which we intend to fill to some extent. frequency, competitive mating success). We found the paternal density treatment to have significant 135 intergenerational effect on both juvenile and adult fitness components. 136 137
Materials and Methods: 138
All the experiments were done using a set of laboratory adapted populations of D. melanogaster -BL. 139
Full laboratory history of these populations can be found in (reference blinded). Briefly, these are a 140 set of five replicate populations (BL 1-5) maintained on standard Banana-Jaggery-Yeast food, under 141 14-day discrete generation cycle at 25 O C ambient temperature, 60-80% relative humidity, with 142 population size ~2800. Larval density is maintained at ~70 per 6-8ml food per vial (25mm×90mm, 143 diameter×height). Adult density is ~70 per vial for the first couple of days of their adult life and 144 thereafter ~2800 individuals in a ~6.4 l cage (19cm×14cm×24cm). We also used a genetically marked 145 population, BLst which was derived from BL1 by introducing an autosomal recessive markerscarlet Sires and dams were generated from a BL population. The design of the protocol followed to generate 151 the experimental flies is described in Figure 1 Following the 2-day long conditioning, 25 males were randomly isolated from each adult density 166 treatment vials, to be used as sires. They were then combined with dams (see previous section) in 167 fresh food vials (25 sires + 25 dams in a vial) and allowed to interact for 90 minutes, which is 168 sufficient time for a single round of mating. This method of ensuring single round of mating has been 169 previously used (Nandy et al., 2012) . In addition, mating was visually observed. Occasionally, in 170 some vials, a small number of females failed to mate within this time. We did not make any attempt to 171 remove them. These un-mated females either mated with an already mated male after a while (late 172 mating) or remained un-mated. Most males secured a single mating, while some very small number 173 (those which mated with the un-mated females mentioned earlier) may have secured more. The 174 number of such late-matings (and hence, male re-mating) was very small, and therefore very unlikely 175 to have any perceivable impact on the subsequent assays. Further, the females in this system usually 176
do not re-mate within such short span (i.e., 90 minutes) unless the first one was a failed mating, which 177 is very rare in our populations. Therefore, by following this protocol, we generated singly inseminated 178 females (average number per vial ~ 25). 10 mating vials were set up per density treatment. After 179 mating, the sires were discarded and the already inseminated dams from all 10 vials of a treatment 180 (i.e., a total of 250 females) were transferred to a 2 litre plastic cage with food smeared with ad-lib 181 quantity of live yeast. Three such cages were thus set upone for each density treatment. After two 182 days, eggs were collected from these cages to set up the remainder of the experiments. To collect the transferred to the culture vials (see below). These eggs are hereafter referred to as treatment eggs. ImageJ, software. This area was taken as a proxy for the size of each egg. A given egg was measured 193 thrice and the average of these three measurements was taken as the unit of analysis. 50 eggs per 194 treatment were measured for this purpose. each vial). During the assay, treatment eggs generated in the previous step were cultured with eggs 201 from common competitors in the ratio 1:4 (C: 30 targets, 120 competitors; UC: 14 targets, 56 202 competitors). These common competitors were collected from an untreated BLst stock. On completion 203 of development, it was possible to identify the target progeny from the competitor progeny based on 204 eye colourprogeny of the competitors was scarlet eyed whereas the target progeny was red eyed. 10 205 juvenile competition vials were set up for each of the three treatments (viz., N, M and H) and two 206 assay conditions (i.e., 10 as C and 10 as UC for each treatment). These vials were left undisturbed 207 until adult emergence was complete (12 th day post-egg deposition). The adults were sorted based on 208 eye colour and counted. Juvenile fitness score (w) was calculated for each vial following the formula: 209 and were later dried at 60 o C for 48 hours and weighed in groups of five using Shimadzu AUW220D 218 to the nearest 0.01mg. (b) A separate set of males were similarly collected and held in groups of 5 per 219 vial for further assays. Ten such vials, for each treatment, were set up and left undisturbed till they 220 were 3days old. These males were then transferred to fresh food vials (hereafter referred to as mating 221 vials) along with five age-matched, virgin females. Mating vials were set up without the use of 222 anaesthesia. The females used in this step came from the same replicate BL population and were 223 generated under their standard maintenance conditions, collected as virgins and held in groups of five 224 per vial with ample food until the day of the experiment. 10 mating vials were set up for each of the 225 three treatments. They were observed (manually, without any video recording) continuously till all the 226 flies finished mating. Every two minutes starting from the time when the females were introduced in 227 these vials, the total number of mating pairs (nx, n: number, x: time elapsed in minutes) was noted 228 down at each time point (x = 0, 2, 4, 6…). Mean mating latency (ML, time taken by a virgin pair to 229 start mating) and mean copulation duration (CD, duration for which a pair mated) were calculated 230 following an algorithm mentioned below. 231
For all values of x, until, −2 ≤ . 233
For all values of x, until, −2 ≥ . 235
Occasionally, some females did not mate within one-hour long observation. These flies were excluded 236 from the analysis. Similarly, some males also failed to secure mating. In vials having such an 237 unsuccessful male, a mating was recorded much laterwhen one of the successful males finished its first mating and then initiated a second one with the un-copulated female. Such late copulations were 239 also excluded from the analysis. Mating ability (MA) is measured as the proportion of the sons 240 successfully copulated. MA was calculated for every single vial. food. The females were allowed to oviposit for 18 hours. Following oviposition, the females were 260 discarded and the tubes were retained to allow the progeny to develop and eclose. For each female, 261 the identity of their mate (whether target/competitor) was ascertained by observing the eye colour of 262 the progeny. Progeny sired by target males were red eyed whereas those sired by competitors were 263 scarlet eyed. For a given vial, average CMS of the five target males in the vial was calculated as the 264 proportion of the females mated to target males (i.e., produced red eyed offspring). 265
Experimental replications and data analyses: 267
The entire study was carried out in three randomized blocks, using three different BL populations -268 BL1, BL3 and BL5.The blocks were handled on separate days. Number of replications within each 269 block has been mentioned in the previous sections along with the assay design. Except for the egg size Tukey's HSD indicated that dry body weight of the M-sons were significantly less than that of the N-295 sons, with M-sons having 8.7% lower mean dry body weight. The difference between the dry body 296 weight of the H and N-sons was not statistically significant. Hence the M-sons were significantly 297 smaller compared to the other two treatments. In the mating assay, though we found some males to fail 298 in acquiring mating, there was no effect of the treatment on mating ability of the sons (MA: mean ±SE, 299 N: 0.91 ±0.04; M: 0.91 ±0.04; H: 0.93 ±0.04). The M-treatment sons showed significantly higher 300 (approximately 35%) ML compared to that showed by the N-treatment sons. While H-treatment also 301 showed 16% higher ML compared to N-treatment, this difference was not significant. Therefore, M-302 sons took longer to start mating with virgin females indicating females' reluctance to accept them as 303 mate due to either poor performance in courtship or small size. This relative disadvantage of the M-304 sons was also evident in terms of their competitive ability in mating competitions. Multiple comparisons 305 on the CMS results indicated that the M-sons had significantly lower CMS compared to H and N-306 treatments. CMS of the M-sons was approximately 34% less than that of the N-sons. This is however, 307 not due to a reduced courtship performance by the M-sons as we found the effect of the treatment on 308 CF (mean ±SE, N: 6.7 ±0.6; M: 6.8 ±0.6; H: 7.6 ±0.8) to be non-significant. We also did not find any 309 effect of the treatment on CD (mean ±SE, minutes, N: 18.6 ±0.4; M: 17.6 ±0.4; H: 17.9 ±0.4), potentially 310 indicating the lack of the treatment effect on post-copulatory traits of the sons (Table 1) . 311 312
Discussion: 313
Given that very few studies have shown the effect of paternal environment on offspring fitness 314 components, there were two main objectives of the present study -(a) to assess if paternal exposure to 315 varying population density affected progeny traits; if yes, then (b) to evaluate the adaptive 316 significance of such effect. The results clearly showed that at sufficiently high density, males had an 317 adaptive paternal effect on juvenile competitive fitness. As we did not find any effect of our treatment 318 on size of the eggs produced by the dams, such paternal effect is unlikely to be mediated by variation in provisioning by the females. We further show that at intermediate density, males sire smaller sons 320 which are inferior in acquiring mates. Interestingly, such maladaptive effect of paternal density on 321 offspring adult fitness was not detected at high density. show any measurable difference in their egg-to-adult survival. This suggests that the juvenile 337 competitive ability rather than baseline juvenile viability was affected by the treatment. Since a 338 number of traits (e.g., feeding rate, waste tolerance, development time etc.) affect juvenile competitive 339 ability in these flies, it will be interesting to find out the trait responsible for better competitive ability 340 of the H-sons in our study. 341
342
In a wide range of species including Drosophila melanogaster, maternal exposure to high density or 343 poor nutrition has been found to affect offspring fitness components 344 performance, such maternal density/nutrition effect is not surprising. However, what is not intuitive is 349 the paternal density to have similar impact on offspring fitness, as our results suggest, given that This is because (a) in our assay, we recorded very little mortality in males during the treatment, 359
indicating negligible hard selection. In addition, we also ensured that there was no soft selection by 360 randomly picking the set of males from the treatment vials to use them as sires. Further, we allowed 361 the sires and the dams to mate only once by allowing them a limited window of time to interact after 362 being put together in mating vials. (b) Even if there was selection in the current experimental design, 363 the selection is likely to be weak (see Materials & Methods section). Such weak selection is unlikely 364 to explain the observed differences in some of the traits (viz., 8.9% increase in juvenile competitive 365 fitness, 35% increase in mating latency), especially within one generation. Alternatively, males may 366 alter maternal provisioning and thereby indirectly affect offspring fitness components (Prasad et al., 367 2003; Vijendravarma et al., 2010) . We, however, did not find any measurable difference in the size of 368 the eggs produced by females mated to the males belonging to the three treatments, making variation 369 in maternal provisioning an unlikely explanation. Therefore, although sire-effect on the quality of the 370 eggs produced by the females cannot be completely ruled out, our results tentatively point at non- 
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